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By Cleveland Laboratory Aimraft 
Fire Researoh Panel 

Information relating to aircraft fires has been reviewed to 
determine what new or further reeearoh might lead to a substantial , 
reductim of the aircraft fire hazard in flight and following 
oraahes . An examination of fuels, lubricants, and hydraulic fluid8 
ae inflammable liquid8 is presented herein, together eth possible 
sources of ignition under the general categories of hot surfaoes, 
electric sparks and arca, flames, and hot gases. The literature 
on these topics ie exteneive and a number of organizaticxm are 
currently engaged in research and development activitiee on the air- 
oraft fire problem. 

c 
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A review of the etatistics on aimraft accidents showa that 
about 15 percent of all air-carrier accidents are crashes followed 
by fire and about 5 peroent of all aocidents are caused by fire in 
flight. In 1946, crash fires caused approTimately 70 of 251 deaths 
in air-carrier amide&s, and fires in flight were responsible for 
22 deaths. 

from the existing lnfomatim, it might be concluded that 
major reductions in the aimraFt fire hazard could be achieved by 
the use of low-volatility fuel with inerted fuel tanks, noninflamable 
lubricant, and noninflammable hydraulic fluid. Conolusive demonstra- 
tion of the apparent benefits in eafety to be derived from low- 
volatility fuel appears necessary, and serviceability must be 
achieved in the engines that will use a low-volatility fuel to at 
least the same degree that now existe with aimraft engines. 
Extensive research and development must proceed before a satis- 
factory noninflamaable lubrioant will be achieved. Rcninflarmable 
hydraulio fluid8 are being developed and their effective utilization 
should be hastened. 
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The phenomena of fire extinguishment are inaaupletely under- 
stood and should be studied. Adequate methods of detecting fire or 
oanbustiblee require further development. 

There are many existing snd potential ignition souroea on an 
a-raft. In order to establish the appropriate remedial measures 
involving these ignition sources, lmowledge on the exact nature of 
the start and propagation of fires in aircraft must be extended. 
Infomation shows that the exhaust system may be the single most 
dangerous ignition source, pertioularly in a orash or during a 
major engine failure, and methods for reducing exhaust-system tem- 
peratures should therefore be investigated. 

The ultimate reduction of the fire hazard will not result frcm 
the applioaticn of any single improvement, but will came frcgn an 
inte~ation into the airplane deeis end operation of new ideas and 
methods, many of which remain to be explored. 

INTROaTCTION 

The loss of nearly 100 lives attributed to fire in air- 
carrier aooidents during 1946 aud a similar high toll during 1947 
clearly desigPate8 the need for minimizing existing aircraft fire 
hazards. Steady progress in learning methods of prevention, 
detecti=, confinement, and extinguishment of aircraft fires, 
particularly in flight, has been made during recent years as a 
result of the leadership and efforts of the Civil Aeronautics 
Administration and the work sponsored and conducted by the Army 
Air Forces, the Bureau of Aeronautics of the Navy Department, the 
airoraft and allied industries, the National Fire Protection 
Association, and the universities. Many of the methods resulting 
from the cabined efforts of these groups are in use. 

The urgency of the need to accelerate the rate at which 
aircraft fire hazards are minimized, however, is etident and can 
presumably be aohieved by both supporting and augmenting the 
exietingp~ams. An investigation of methods for reducing air- 
craft fire hazards has therefore been initiated at the NACA 
Cleveland laboratory. 

. 

The first phase of the investigatic#1 has been a study and a 
review by laboratory personnel from Flight, Combustion, and Fuels 
Brsnches of information relating to aircraft fires to determine 
those areas in which substantial reduction of the aircraft fire 
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hazard might result from an exbensian of existing information or 
from sn exploration of new ideas. A preliminary presentation of the 
panel study is given in this report. 

Considering the mang.factors involved in the occurrence of air- 
craft fires in flight or follotring orash, it is obvious that the 
task of predicting occasions when fires will or will not result la 
a somewhat hopeless task. The airplane in flight with its complex 
internal systems contains many potential ignition isources that are 
dangerously close to large quantities of inflammable liquid. This 
situation is obviously aggravated considerably in a crash by virtue 
of the release of inf'lble liquids, the formation of inflsmmable 
mixtures, and the presence of various individual sources of ignition. 
The solution to the problem of eliminating or reducing the fires 
that oocur in flight or after crash can, therefore, best be 
approached from study of two essential factors involved, namely, 
cabustible mixtures and i@tlapl sources. 

Specifically, this rep& presents an examination of fuels, 
Lubricants, and hydraulic fluids as inflammable liquids together 
with possible sources of ignition under the gene=1 categories of 
hot surfaces, electric sparks and arcs, flames, and hot gases. 
Emphasis is placed cn oonditions that may exist in an aircraft after 
a crash or in flight. 

Literature bearing on the lmown facta of inflammable liquids 
and ignition sources and on the relations between inflarmnable liquids 
and ignition sources is quite extensive and serves as a sound basis 
for an examina ticn of the fire problem. Ae in all problems involving 
numerous intangible variables, an exact analysis of the fire problem 
has not been and probably cannot be made. The broad range of subjeot 
matter dealing with specific remedial action, such as the effect of 
details of airplane design on the susceptibility of an airplane to 
fire and methods of fire extinguishing are not discussed in detail. 
These subjects will be studied in greater detail as the work 
progresses. In the discussion an effort has been made to generalize 
some of the pertinent information regarding inflsmmable liquids and 
ignition sources and to suggest lines of new or augmented research 
activity that should aid in minimizing the aircraft fire hazard. 

An examination of the statistios on aircraft aocidents is also 
Inoluded in this report. The statistics point out the magnitude of 
the fire problem as a whole and can be used to establish the relative 
importance of fire during ground operation, fire during flight, and 
fire following a crash. 
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Aircraft acoident statistios were reviewed and analyzed in 
order to determine the frequency with which aircraft fires ocour 
as compared with other aircraft aocidents and to detemine whether 
fire during ground operation, flight operation, or following a crash 
ie respanerible for the most fatalities. A comparison of these 
results would then indicate whioh parts of the aircraft fire 
problem should reoeive the maximum research effort. 

A study of the 121United States air-carrier accidents that 
occurred during 1946 (reference 1) shows that 22, or 18 percent, 
of these accidents involved fire. The Army Air Foroes in a survey 
of 3635 of their aocidents within ccntinental United States (ref- 
erences 2 and 3) found that fire was a factor in 15 peroent. These 
two percentages agree reasonably well, and thus it appears that at 
the present time, fire will be either the cause or the result in 
approximately one-fifth of all air-terrier accidents. 

The problem of airoraft firee oan be divided into three parts: 
fire during ground operation; fire during flight operation; and, 
fire following a crash. An analysis of the 11 taxiing accidents 
listed in referenae 1 shows that there were no Injuries or 
fatalities during ground operation and that no fires were involved. 
This result indicates that fires during ground operation are of 
minor importance frcm~ the standpoint of paseengers and personnel. 

l Fires in the air and fires following crash are therefore the two 
major problems. The British in their analysis of the problem have 
reached the same conclusion (reference 4). 

During the calendar year of 1946, approximately 5 peroent 
(6/121) of all air-oarrier aocidents were caused by fire in the 
air. This value agrees well with the results of the Air Force 
survey given in references 2 end 3; 4 peroent of their accidents 
in 1944 and 5 peroent in 1945 were attributed to fire in flight. 
In the six air-carrier acoidente or forced landings oaused by fire 
in the air during 1946, 22 out of the 120 people involved were 
killed, a fatality rate of approximately 18 peroent. In an analysis 
of data collected from January 1, 1938 to July 1, 1944, McFarland 
(reference 5) found a fatality rate of 26 percent due to fires in 
flight. Based on these statistios, the average fatality rate in 
fire-in-flight aocideuts may be as high as 25 percent. If it is 
assumed that the 5 percent of airplsnee experiencing fire in flight 
carry 5 peroent of the paersengers, approximately 1.5 peroent of all 
passengers involved in accidents are killed because of fire in 
flight. 

. 

l 
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The 1948 air-carrier acoidente aleo show that fire followed 
approximately 13 percent of all the accidents. The AIrForoe data 
given in references 2 and 3 indicate that 11 percent of their 
aocidents within continental United State8 were followed by firee, 
which substantiatea the percentage found for cmmeroialaooidente. 
It may thue be aaeumed that no more than 15 percent of all aooidents 
are crashes followed by fire. The percentagee offiree inflightaad 
following orashea are ccanpared with all other aooidente in figure 1. 

In determining fatalitieer ageable to fire following a mash, 
aocidents involving fire in flight, taziing, ground operation, ma 
gusts were first excluded fraa consideration. The remaining acoi- 
dents were divided into two general groupe; acoidente followed by 
fire and accidents not followed by fire. The fatality rate of each 
group WBEI determined and the diff'erence between them and their ratio 
to one another can be used ae meamres of the number of people that 
were killed by fires follaring oraehee. 

The, fatality rate of an accident is largely dependent upon ite 
eeverity; therefore, the average eeverity of the two soups muat be 
equal if a comparieon of their fatality rate6 la to be valid. Two 
meamres of oraeh severity are poesible; the damage done to the air- 
plane and the number of fatalities experienced. Analysee baaed on 
both measures were made and the result8 are preeented for coqarilec~~ 
in the following table. The epeoific accident data upon whioh each 
of the analyeee is baaed are presented in tables I to IV. 

r 
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Auoident 
80Y93dty 
baaee 

Amide&s eemre 
enough to OQD- 
pletely wash 
out airplane 

Aoaidearte having 
at leaet one 
fatality 

Aooidente having 
fatalltiee up 
to two-thirds 
of people 
involved 

Aooidente having 
at leaat au8 
fatality and at 
lee&one 
SUFPIVCW 

6s 

75 

25 

40 

go fire 
eo11ow- 
Lng 
waeh 

ktality ratee, 
3herrg8. 
rble tc 
Fire 

24 41 2.7 

44 

12 

I.2 

31 1.7 

13 2.1 

28 3.3 

Froent) 
at10 of 
"atality 
xtee 
(fire/no fire) 

The table indloatee that an average of about 30 percent of 
the people luvolved in fire-following-mash amide&e are killed 
by the fire. The ratio8 ehowthatfrantwototbreetinteeaemany 
people me killed ln aooidemte followed by fire than are killed 
when no fire follow the amide&. 

. 
InawQytlngalrcxaft-firedata ooveringa *year period, 

McFmlaud (referenae 5) found a 79-peroentfatalityrate when fire 
followed maehe8 end a SO-peroemt fatality rate in 0raahe8 not 
followed by fire. Thie m.taly8is indicates a fatality rate of 
29 percent &argeable to maah firee, or a fatality-rate ratio of 1.6. 
Purthermore, the analyeie of data eubmitted by letter from the Civil 
Aeronautic Adminietratlan to the NACA reeulted in a fatality-rate 
ratio of 1.7. !Cheee value8 we well with the reeulte preeented 
in the preoe&ing table for aooidente having at leaat one fatality. 
If it la aeeumed that the 15 percent c& airplane that bumed 
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following crashes carried 15 percent of the passengers, approximately 
4.5 percent of all persons involved in air-oarrier accidents were 
killed by fire that followed the crash. This fatality rate indicates 
that approximately 70 lives could have been saved in 1946 if all fires 
following crashes couldha~ebeenprevented. A~phiccamparison 
of the fatality rates attributed to fires with total fatalities in 
1946 is shown in figure 2. 

To summsrize briefly, the statistics indicate that approximately 
1.5 percent of the passengers involved in accidents wers killed as 
a direct result of fire in the air and that approximately 4.5 percent 
were killed by fire folloving a crash. Fircan the standpoint of fatali- 
ties, fires following crashes thus appear to be the more important 
problem at the present the. 

Although statistics for 1947 are not yet available, prelmy 
estimates indicate that the actual fatalities due to fire will be 
higherthanfor1946. 

Fuel and Lubricating Oil 

Pertinent mbustible liquid characteristics. - Two combustible 
liquid properties of interest insofar as fire hazards are ccncmed 
are flash point and spontieous-ignitic temperature (scamtimes 
called autoiguitian temperature). The flash point of a ccsnbustible 
liquid can be defined as the termperature to which the liquid must 
be heated in order to give off sufficient vapor to form an 
inflmble mixture with air. In laboratory test procedures the 
spontaneous-ignition temperature is defined as the lowest tempera- 
ture of a surface on which a combustible vapor-air mlrhre will 
Quite after a specified time delay. 

Flash points of petroleum products v-y over a wide range with 
the more volatile gasolines and naphthas flashing at temperatures 
considerably below O" F, kerosene8 in the r 

T 
fran 100° to 160° F, 

and lubricating oils in the range between 275 and 650' F (refer- 
ence 6). It is therefore apparent that the less volatile liquids 
must be heated to higher temperatures in order to produce i&lam- 
mable vapors. Data from references 7 to 10, which substantiate this 
relation, are presented in figure 3. This figure shows that liquids 



8 NACA W No. E8B18 

having high boiling points also have high flash points, but low Reid 
vapor pressures (a measure of volatility). Equations for the two 
curves ahcwn are as follows: 

tf - 0.69 t10 - 126 (11 

t10 = 2102 + 33,100 
log P-17.7 (2) 

where 

ke flash point, oF 

t10 lo-percent A.S.T.M. distillaticm pod&, oF 

P Reid vapor pressure, lb/sq In. 

The lo-percent pofnt is shown on the abscissa of figure 3 In 
order to make the chart applicable to gasolines as well as pure 
hydrocarbons. An A.S.T.M. distillaticsl curve (A.&T&l. method D 86-40) 
for an aviation gasoline is shown in figure 4. The lo-percent point 
refers to the temperature at which 10 percent of the gasoline has 
been evaporated in a specified laboratory apparatus under controlled 
conditions. Pure hydrocarbons have flat distillation curves; that 
is, over the whole range of evaporation the temperature is constant. 
ConsequentAy, for pure hydrocarbons, lo-percent point and boiling 
points may be wed Interchangeably. 

The flash points of fuels will vary with altitude, as shown in 
figure 5. The relation shown In this figure is developed frcan ths 
following equation (reference 11) and data presented in figure 6. 

tf 1 t1 = 8 + 0.024 t10 

where 

t1 temperature of lean explosive limit, oF 

The slopes of the lines in figure 5 are slightly higher than 
indicated by actual data presented in figure 3. 

For all practical purposes, the flash point determzlned under 
sea-level conditions provides a satisfactory index of the tendency 
of a combustible liquid to form ccPnbustible mixlxres with air 
(fig. 5). On this basis alone, it is Justifiable to assume that a 
deeirable fuel frcm the standpoint of fire hazard should haveas 
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high a flash point as possiblej consistent with the pertinent factors 
involved in the applicability of such a fuel to aircraft. 

Unfortunately, however, the aforementioned spontaneous-i~iticm 
temperature behaves in a mer opposite to that of flash point 
(fig. 7). With this fact in mind, it can be seen that a fuel with 
a high flash point may show a decreased tendency to form combustible 
fuel-air mixtures that can be iepited by an external source, but at 
the same time the fuel may have such a low spontaneous-ignition tsm- 
perature that i@itian can occur by contact between fuel vapors and 
a moderately hot suHace. 

This does not mesn that a cozPmarcia1 fuel blend having a high 
flash pointwillnecessarily have a low spontaneous-ignition temper- 
ature. In fact, commercial low-volatility fuels (boiling 
range,3C?C"-4CO" F) have both high flash points and high spontaneous- 
ignition temperatures because m&y hydrocarbons with high spontaneous- 
ignition temperatures are cc&ained in such fuels In order to meet 
anttiock requirements. Further discussion of this point is 
presented later. 

Spcntaneous-igcitia temperatures reported In the literature 
(refexwme 8 and references 12 to 24) are not in agreement In regard 
to absolute value; howevef, trends determined in relation to soabe 
property of the fuel, such as boiling point, are very consistent. 
The lack of agreement in absolute values sunong investigators can be 
attributed to several factors: 

(1) Purity of liquids examined 

(2) Canpositicm of the surfaces on which ignition temperatures 
were determined 

(3) Condition of the surfaces on which iguitiac tamperatures 
were determined 

(4) Method of heating surface 

(5) aape, size, and orientation of surface 

(6) Fuel-air ratio, or wt of fuel introduced I 
Spontaneous-ignition temperatures for various hydrocarbons are 

presented in figure 8. These data were taken fran references 8, 12, 
and 13. The classes of compounds differ greatly in their ignIti= 
temperatures and even within the same class of compounds (for example, 
paraffins) branched structures (fig. 8(b)) have higher ignition tem- 
peratures than strai&t-chain structures. 
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Significance of caubustible liquid characteristics in relation 
to aircraft fire problem. - In considering afrcraft fires, either in 
crash OT in flight, there are innumerable circumstances in which the 
properties of the combustible liquids present can play an important 
Part* In order to illustrate the behavior of ccDnbustible liquids 
in aircrait fires, several situatious havs been assumed and an effort 
has been made to anticipate the role of the canbustible liquid on the 
basis of known facts. 

(1) If the atmosphere adjacent to a conventional gasoline is not 
confined, the mixture in the vicinity of the gasoline is usually 
combustible. The distance away from the liquid surface over which 
the mixture is canbustible depends upon the extent of the air dilu- 
tion. This statement is supported by the fact that the flash polnt 
of gasoline is about -400 F. The temperature of the atmosphere at 
sea -level, except on rare occasions, is therefore cmiderably above 
the flash point of the gasoline. Thus when gasoline may be spilled, 
as insnairplane crash or gasoline leakage frcanlines or tanks Into 
open wing spaces, it is almost certain that caubustible fuel-air 
nirtures will be present and will ignite if exposed to a suitable 
source of ignition. 

(2) If at sea level the atmosphere adjacent to a conventional 
gasoline is confined, as in a fuel tsnk, the fuel-air mixture over 
the liquid is not cgnbustible if the fuel temperature in the tank 
is above approximately lS" F; at higher temperatures, the fuel-air 
mixture over the liquid fuel in the tank is too "rich" to burn. If, 
however, the tank is ruptured and this fuel-air mixture escapee to 
the atmosphere, the mixture is "leaned" to possible caubustible 
mixtures and exposure to suitable sources of i~itiou will cause a 
fire. At temperatures between lS" and -50' B, combustible mixtures 
canand do exist in airplane tanks carrying ccmmntional gasoline 
at altitudes below 10,000 feet; however, this range varies with 
altitudes. (gee fig. 6.) The combustibility limits shown in this 
figure were obtained frau reference 25 and the shaded area was 
determined by data frcm the California Research Corporation. 

(3) On the basis of the foregoing discussion, it is apparent 
that a fuel of lower volatility than conventioual gasoline is 
desirable if the hazard of combustible fuel-air mixtures is to be 
reduced when fuel is exposed to the atmosphere. In a confined 
space, however, the fuel-air mixture over liquid low-volatility 
fuel may be combustible up to an altitude of 10,000 feet, if fuel 
tfXaperatU?XS in exce88 of about 80° F are enCOuntered. If fuel tem- 
peratures above 80° F 8~8 encountered more frequently than tempera- 
tures below 20' F, which is-the upper limit of inflaumabillty for 
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conventional gasoline, low-volatility fuel will be a potentially 
greater hazard in tanks than conventional gasoline. Cmversely, if 
fuel temperatures below 20° F sre encountered more frequently than 
temperatures above 80° F, c~venti~al gasoline will be a potentially 
greater hazard than low-volatility fuel. In either case, it is 
sigcificantthatgasolin&airmirtures inatankare not alwaysaan- 
canbustible and low-volatility fuel-air mixtures are not always 
ccsibustible. In other words, the fuel-air mixture within a tank is 
alternately caubustible and noncombustible, depending upon the con- 
ditions. Fran this standpoint, the use of an inerting medium In a 
fuel tsnk is justifiable whether the fuel is gasoline or low- 
volatility fuel. 

(4) In the case of spillage of large quantities of fuel that 
may be erposed to i~iti~ sources, as inthe case of an airplane 
crash, the rate of flame prope@tim for the fuel is of prime 
importance in regard to the rapidity of flame spread around or over 
the wreckage. W  the surface temperature of a fuel, whether con- 
ventional gasoline or low-volatility fuel, is bslov the flash point, 
no flame will travel over the surface. hasnuch as conventional 
gasoline spilled in crash would seldom be at a temperature below 
its flash point (-40° F), rapid flsme spread csn be expected. 

With a low-volatility fuel, the surface temperature of the fuel 
exposed during crash will be comiderably below the flash point (1050 F) 
unless the crash occurs on hot dsys before ths fuel has had sufficient 
time to cool below its flash point. Fuelinthstauks of p=kedair- 
craft may reach tsmperatures considerably above smbimt temperatures 
on hot days, snd thus a low-volatility fuel with a flash point of 1050 F 
could easily be at a temperature above its flash point. Data presented 
infigure 9 showthe variationoffueltsmperature duringan82dte 
flight. The maximum drop in fuel teqpsrature recorded was about 32O F 
and was reached 50 minutes after take-off. Ixrring descent the fuel 
temperature began to rise and ut lsnding was about 20' F lower than 
at take-off. It is therefore apparent that if the temperature of 
the low-volatility fuel at take-off had been about 140° B, the entire 
flight could have been made with ccmbuetible vapors in the tank. 

These data are cited to show that under certain conditicms low- 
volatility fuel may exceed its flash point at the time of crash; as 
previously stated, however, conventi- gasoline is nearly always 
8bOVS it8 flaeh pOti& 

Data on the rate of flame propsgation over the @ace of ccm- 
bustible liquids have been obtained by the Shell Develoment Company. 
Partofthese dataresultedfromtests inwhich20gallons of each 
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test fuel wers burned in a rectangular concrete trough 30 feet lo116 
and 4 feet wide with a fuel depth of about l/4 inoh. In the 
follcrwing table the burning rates for three fuels of different 
volatilityare canpared: 

vapor 
Fuel pree- 

(= Jw 
Gasoline 240 

kw-volatility 
fuel 6 

Meselene co.5 

B-ing 
rate 
(ft/min) 

800 

35 

12 

These burning rates were measured when the fuels were burning 
at a wind velocity of about 400 feet per minute (4.5 mph). In tests 
comparing the influence ofbuzningrateswithand againstthewind 
in the ssme 300foot trough, the followingresults were obtained: , 

Bumi116rate 
Fuel (ft/m.w 

with wind Againet wind 
Gasoline 800 400 

Low-volatility 
fuel 30 15 

The temperature of the fuel used in these tests was varied 
f'rom 66' to 90° F. The data indicwhd thattheflsme-spread rate 
Is solely a function of fuel vapor pressure. More extensive tests 
made by the Shell Developmsnt Ccqany on a C-foot tray and with 
three fuels c&lrmed this relaticn. (See fig. 10.) Data from 
tests with the small tray did not confirm the large-scale tests, in 
whichburningagal.nstthewindhalved theburnln~rate. bee fig. 11.) 
A reduction in wind velocity freon 800 to 400 feet per minute (fig. 11) 
decreased the flame velocity from 41 to 15 feet per minute, a decrease 
of 64 percent, 

In the study of the effects of wind velocity, the Shell Develop- 
ment Capany found that the difficulty of i&tion, particularly 
with low-volatility fuels, increases with wind velocity. 
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(5) Stagnant cclnbustible mixtures of air and gasoline or oil 
vapors will ignite if permitted to remain in cc&act with stu3aces 
having temperatures above about 455' F (reference 20). This limit 
is not definitely established, however, owing to the number of 
factors that influence measurements of spontaneous-ignition temper- 
atures. 

The general tendency for acme parallelism between spontaneous- 
ignition temperatures and knock ratings of fuels is more relative 
than absolute. Regardless of this fact, the trends of such data 
indicate that the higher the lmock rating, the higher the spontaneous- 
iepitiontemperature. This in itself is a fortunate circumstance 
Inasmuch as high-hock-rat&q fuel components are needed in order 
to produce commercial blends in the desired perfoxvnance grade (lCO/l30). 
Thus, whether the 100/130 fuel produced is In the gasoline range or 
the low-volatility fuel range, its spontaneous-ignition temperature 
would be relatively high. This is substantiated by the follooring 
data from the California Research Corpozation: 

Perform- Spontaneous- 
Fuel ante ignition 

l e-de temperature 
VW 

AR-F-28 1oc/l3o 1030 
Paraffinic 

low-volatility fuel 991123 104C 
Aranatic 

low-volatility 97/x70 1120 
120 grade aviatica 01% -------I 830 

It is interesting to compare these igcition temperaturee, which 
were obtained with laboratory apparatus, with the following average 
ignition temperatures obtained by splashing fuel CSL a hot pfpe as 
reported by the Texas Ccmpany: 

Average 
8pc3ltaneous- 

Fuel iepliticnl 
temperature 
(within =&OO°F) 

M-F-28 I.250 
Low-volatility fuel 

(3CO"-400° F) 1250 
120 sade aviation oil 1000 
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In au investigatim reported by the Civil Aermautics Adminis- 
traticm (referem% 26) it was found that under operating conditions 
the hi&eat exhaust-stack temperature encountered for the particular 
engine studied was 115OO F. At this temperature it can be assumed 
that gasoline, low-volatility fuel, and lubricating oil would ignite 
Q~L the stack. Thus, insofar 8s fuel and exhaust-stack temperature 
are ccncemed, low-volatility fuel offers no advantage over conven- 
tioual ggasoline. On the other hand, when the air around the exhaust 
stack Pa in motion, as in flight, the Civil Aercmautics Administra- 
tfon data shown In figure 12 for four inflmmable liquids indicate 
that the difficulty of ignition increases as the air flow around the 
exhaust stack is Increased. This fact is oonsistent with the Shell 
Development Canpanydatamentioned earlier, inwhichthe difficulty 
of IgnitiaPI, ps+cularly with low-volatility fuels, increased with 
wind velocity. This fact is based on the 300foot and 4-foot tray 
tests in which the fuel was ignited by means of a lighted taper or 
torch. 

III sdditim to these data, the Texas Canpany has made tests of 
iguition tendencies of fuels when subjeoted to different surface 
conditions. Theme tests were made by crashing fuel cm a concrete 
platform at selected distances from an igniticm source. I@tim 
tendency was expressed as the temperature differential (A.S.T.M. 
lo-percent evaporated temperature of the fuel- ambient-air temper- 
ature) necessary for iepitian to occur, The results, referred to 
dry-platform conditions, are as follows: 

change in ignition 
Condlticm of platformtemperature differential 

(within tlOO" F) 

The fuels used were blenUs of aviation gasoline and a commercial 
solvent. 

Ih connection with spcmtaneous ignitia of fuels and oils, 
the Civil Aerouautics Administration (reference 26) found that 
after a fire occurred the heat from the fire had raised the tem- 
perature of the exhaust stack to 1400° F. Below this temperature, 
laboratory tests showed that SAB No. 10 oil would not ignite on a 
steel plate but that oil vapor would isite at temperatures as low 
as 750° F. 



t 
NACAIMNo. EBB18 

Hydraulic Fluids 

I5 

The use of hydraulic-con*01 systms in aircraft presents 
another serious problem in regard to fire hazard, in that additimal 
hydrocarbon oils am present under high pressure and may possibly be 
exposed to iguitioo sources. This problem has been extensively 
investigated at the Naval Research Iaboratary (references 27 and 28) 
since 1941. The research on this problem has beau directed toward 
the achievment of less-inflmmable and noninflamtable hydraulic 
fluids and much of the information obtained is directly applicable 
to the search for less haeardous lubricating oils. In particular, 
flsmability characteristics have been reported (reference 27) for 
organic phosphates, carbonates, silicone fluids, Uccm fluids 
(Csxbide and Carbaa Chemicals Corporatiou), glycols, and aqueous 
glycol solutions. Additional data were obtained cu the effects cd!' 
chlorination cm inflammability. 

The results of this work (references 27 and 28) indicate that 
the following fluid types me unsuitable as nonInflssmable hydraulic 
f hia8 : 

(a) Petroleum fractions with cm without oxidation Inhibitors 

(b) Petroleum frsctions contain3ng various volatile organic 
flame-resistant additives to serve as fire chokers or quenchers 

(c) Phosphoric-acid esters such as trio&y1 phosphate, tributyl 
phosphate, and tricreeylphosphate 

(d) MIxixmes of organic solvents such as alcohols, ethers, and 
alcohol-ethers thickened to the desired viscosity with blcun castor 
oil 

(e) Esters of dibasic aoids, especially those havrzlg exkemely 
low volatilities 

The following less flaumable fluid types showed praalse as 
hydraulic fluids: 

(a) The chlorinated or fluorinated hydrocarbous and ethers 
containine; approximately three atcone of halogen per molecule (for 
the'substances studied, this was equivalent to near4 SO-percent 
halogenatiou of the campound) 
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(b) The slllccmes with viscosities of over 20 centistokes at 
100° F, if properly stripped of volatile fractions or impurities. 
The substances partimlar4 of interest here ars the polymethyl- 
slloxanes snd the copolymers, the polg- (methyl, phenyl) 8iloxanes. 

(0) Certain polyalkylene oxides 

(d) The glycols ctmtaining high percentages of oxygen 

(e) Certain aqueous organic solutims cmtaining sufficiently 
high proporticgle of water to render them noninflammable. 

Consideration (refemcs 28) of such factors as effects cn 
packings, volatility, flash point, desired viscosity index, and 
ava+bility led to the conclusion that an ethylene-glycol-water 
mixture provides the moat premising possibility for obtaining 
a less inflanrmable hydraulic fluid in the near future and service 
tests are nov in progress. It is indicated, however, that the 
other prwnislng noninfLammable hydraulic fluids examined in this 
study (reference 28) may, after extensive development, be 
applicable to aircraft. 

In addition to the foregoing Investigation, the Civil 
Aeronsutics Administratiao3 has conducted a study of the 
lnflsmmability characteristics of certain hydraulic fluids (ref- 
erence 29) . The f'luids examined were released at pressures of 
loo0 and 3000 pounds per square inch and exposed to ignition by 
exhaust flames, hot exhaust stack, i&tim spark, and burning 
gasoline. Also, crash tests were simulated by ejecting the.fluids 
at30OOpounds per equare inchthroughsn electricarcand oxy- 
acetylene fleme. 

Seven fluids.were tested (reference 29) in ccqarison with 
standard airczaft hydraulic fluid and all seven showed less tendency 
to iguite than did the standard fluid. However, with the exception 
c& a fluid consisting of ethylene glycol, water, and additives,these 
fluids would ignite under some of these conditions. The ethylene- 
glycol-vater mixture is inflammable after expuleion of the water. 

Extinguishing 

The degree of freedcm fPcm fire likely to be achieved in alr- 
craft will not preclude the use of fire extinguishing equipment. 
Research and development have been sponsored by the U. S. Air 
Forces, Bureau of Aeronautics, Bureau of Mines, and the Civil 
Aeronsutics Administration, at government laboratories and private 
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laboratories, whereby the practices of fire extInguishin$ may be 
advanced. In addition, investigations reported by the British (ref- 
erence 4) have contsined many re ccsmtendations regarding ths 
exti.nguishIng of 8ircrMt fires. 

The ezUnguishI.ng investigations conducted by the Civil Aero- 
nautics Administration (references 26, 30, and 31) are primarily 
concerned with the effectiveness of various extinguishing agents 
and the qusntities required, rates of application, and optimum 
methods of distribution when applied to gasollag and oil fIrea 
occurring in flight. The conclusions drawn in reference 26 m 
indicative of the scope of the Civil Aeronautics Administration 
studies and are of considerable interest in relation to the problem 
of extinguishing fires in flight. These conclusions are as follows: 

1. l!&Mnguishment of most aircraft-power-plant gasoline and oil 
fires occurring in flight can be accrplznlished tithin reasonable 
weight limitations, provided'thatadequaterates of etidnguishing- 
agent application and opt- distribution methods are used and 
provided further that gasoline flow is shut off before exbinguish- 
ment is attempted. 

2. ExHnguishment of oil fires occurring in flight can be 
accomplished without stoppdng the oil flow but oil shut-off is 
advisable to prevent recurrence of the fire. 

3. Air blast is the most serious factor to overcome in the 
eztinguishment of aircraft-power-plant fires, and is overcame by 
using adequate rates of agent applicati=. 

4. Gasoline fires are more difficult to extinguish in the 
accessory section than oil fires. 

5. The safety-fuel fires in the tests were as difficult to 
extinguish as fires burning 87.octane aviation gasolZne. 

6. Within limits, large fires are no more difficult tc 
extinguish than small fires. 

7. The power section, the accessory secti-, the oil cooler, 
and the exhaust-stack well must be individually protected against 
fire. 

8. The exUnguish%ng agent in the power and accessory se&lane, 
and all other locati~s, should be simultaneously discharged. 
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9. Tests indicated that wheel-well protection is unnecessary, 
provided the firewall. leakproof. 

10. The dischgulge of extinguishing agent fran the power sectian 
is necesBBry to extinguish accessory-section fires. 

11. Tests indicated that metbyl branide and carbon diaxide m 
the cuily extinguishing agents of those tested that are satisfactory 
for general protection against fires in flight in the type of power- 
plant installati~ tested. Methyl braide was found to be the most 
satisfactory agent from the fire-extinguishing standpoint. 

12. The rate of extinguishing-agent application is the most 
important factor in the applicatim of an extinguishkg agent. For 
the entire engine installation, a rate of application of 9 pounds 
per second of methyl brapnide or 10.8 pounds per second of carban 
dioxide is required. 

13. The minimum duration of extinguishing-sgent application 
should be 8pproxImately 2 seccplds. 

14. Tests indicated that application of the extinguishing agent 
ahead of the engine cylinders is ineffective and unnecessary. 

In regard to ccmclusion 5, it was found (reference 26) that 
in an air blast, low-volatility-fuel fires were aa difficult to 
extinguish as the gasoline fires. This result is contrary to 
results of tests ccmducted by the Texas Company on crashing fuels 
in a 100mile-per-how wind. 

The first of the following tables indicates the influence of 
water pressure at the noezle on the time required to extinguish 
burn- fuel. The other tables show the times required to 
extinguish 2-gallon ssmples of fuels of varying volatility. 

EILTDKCBRING300°-4000 FALKYLATEWITE WATER 
h$-inch Rockwood fog nozzle] 
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EXCR?~GVARIOUSmTELSWI!lBW~ 
[%$-inch Rockwood fog nozzle] 

Extinguish- 
Fuel 

ing(tbT set 
100/130 grade aviation gasoline a42 
200°-300° F fuel 34 
250°-350° F fuel 25 
300°-400° F fuel b14 
aCheck run, 36 seconds. 
bCheck run, 18 seconds. 

Extinguish- Extinguish- 
Fuel ing time ing 43ent 

bet) 
100/130 grade 

aviation gasoline 50 Stable foam 
300°-400° F fuel 28 Stable foam 
100/130 grade 

aviation gasoline 37 Carbon dioxide 
300°-4CC" F fuel 6 Carbm dioxide 

It will be observed in the foregoing data that in every case, fires 
from fuels of lower volatility were extinguished more quickly than 
fire frcm gasoline. 

In reference 32 the Civil AeraaLautics Administration has 
summarized the findings presented in references 26, 30, and 31 in 
an effort to present concisely the details of fire extinguishing 
needed for application by aircraft design engineers. This amy 
itemizes the potential zones of fire deterPlined from 3000 fire tests 
on two radial engines, one of which was a 140cylinder double-row 
type and the other a seven-cylinder single-row type. Also itemized 
are the modes of protecticrn recanmended for each of these zones 
and equatims ars given for ccmputation of quantities of methyl 
brcvnide or carbon dioxide required for certain zones. Similar 
reccsunendaticns are given for design snd location of fire-detecting 
devices. 
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Although the literature on extinguishing is quite extensive, 
the achievements in the field appear to be predominately the result 
of applied investigation rather than fundamental. The action of 
most fire-extinguishing agents has been explained as the cooling 
of a combuetlble mixture below the ignition temperature or the 
blanketing of the fuel with an inert material so as to exclude 
oxygen from the area involved. In addition to these actions, one 
investigation (reference 33) has indicated that aqueous solutions 
of certain salts in small ocncentratione will extinguish fires. 
These investigators stated that the fire extinguishing action was 
not one of cooling or oxygen dilution, but could be explained only 
on the basis of a salt influencing the combustion process. Other 
investigators have also reported that the extinguishing action of 
certain materiala is greater than can be accounted for by dilution 
of oxygen, and that the extinguishing effect differs with different 
chemicals. Cameron (reference 34) states that ccmbustibles will 
not burn in an atmosphere containing 6 to 15 percent carbon dioxide, 
depending upon the combustible, whereae only 3 to 6 percent of 
methyl bromide is required for extinguishing. In another case 
(reference 35) 15 percent by weight of methyl brcxnide was required 
to extinguish a etandard gasoline wind-tunnel fire, which required 
45 percent of carbon dioxide for extinguishing. 

In still another case, the Bureau of Mines (reference 36) 
reported that 26 percent by volume of carbon dioxide will inert 
an ieobutane-air mixture,.whereas 40 percent of nitrogen is 
required. These cases indicate that various materials influence 
the cambuetlon process in addition to the blanketing action that 
they exert. 

Regardless of the nature of the available data on extinguishing, 
that la, whether such data were obtained by applied or fundamental 
Investigation, the tiown facts on the subject are extensive and of 
inestimable value to aircraft designers. Additional studies of the 
fundamental effects of extinguishing agent8 on basic combustion 
reactious will be required before the baeic mechanisms of etiin- 
guishing ars completely under&o&. 

Detection 

Concomitant with etiinguishing is detection of fire or com- 
bustible mixture. The need for reliable and immediate fire detec- 
tion has been universally recognized. Means have been propoaed for 
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the detection of a predetermined high compartment-temperature level, 
high rate of rise of ccmpartment temperature, flame, Bmoke, and ccm- 
bustible vapor. 

Predetermined temperature levels may be detected by the use of 
electric enltches actuated by fusible-metal-alloy links or other 
devices, bimstal actuated electric switches, thermoelectric-effect 
and relay switches, low-melting-temperature insulating material that 
allows an electric circuit to close when heated above a predetermined 
temperature level, explosive-charge actuated devices, and liquid- 
filled capsule or tube actuating devices. High compartment tempera- 
ture rate of rise may be detected by the use of bimetal switches or 
thermocouple circuits. Flame may be detected by the use of photo- 
electric cells that are insensitive to daylight or heat, electron- 
ically coupled with necessary indicating devlces; electrical cm- 
duction through an ionized se; and fuses of combustible material. 
Smoke may be detected by the use of photoelectric~devices in which 
light is attenuated by the presence of smoke In a ccxnpartment. Cam- 
bustible vapors may be detected by the use of devices that catalyt- 
ically cause the combustiagl of a very amall part of the vapor and 
produce a small temperature rise. 

The devslovt of detection devices has been sponsored by the 
U. S. Air Forces, the Bureau of Aermutics, and the CivilAero- 
nautics AcIministr~tion in numerous private manufacturing concerns. 
The Air Materiel C ommand of the 0. 8. Air Forces currently reports 
that no completely satisfactory system or device has yet been 
developed. 

The indication of a high temperature level by the use of bimetal 
actuated electric switches appears to be the most reliable and there- 
fore the most practical means at the present time. In reaching this 
conclusion, Infallibility has been the principal criterion of merit 
of the various devices. Rate-of-temperature-rise detectors me 
incllnsd to give false waraings for some normal engine operating 
conditians. Thermoelectric devices sre delicate and canplicated. 
St is recognized that the use of continuous strip sensing elements 
are desirable because by such means the greatest part of a compart- 
ment can be guarded. If individual point sensing elements are employed, 
a large numb& must be used. 

- 

An important advantage of the high temperature 
is that this device also may indicate acme types of 
functioning, which, if permitted to continue, would 
or other serious calamity. 

level detector 
sarginemal- 
result in a firs 
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Existing emoke detectors have been found cnly partly -tie- 
faotory because they give a warning when water aloude or carbon 
dioxide cloud8 are present ia eufficimt concentration to attenuate 
the light to the photoeleotric 0811. Such ha8 been the 8888 in 
baggage ccQpax+nents in which dry ioe ha8 been u8ed a8 a oargo 
cooling agent. 

Combustible-vapor deteotors have been found unsatisfaotory 
becauee of the fragile and Unreliable nature of erieting devices. 

The oontinuanoe of the vigorous development effort now in 
progrees oan be eXpected to result in improvement in the detection 
of fire or eXoe88ive temperature8 in vulnerable oanpartmente in the 
airpl8ne. A study of the fire problem indioatee that a8 the potency 
of the eXi8ting CCxnbU8tible8 is reduced, 8~ ignition 8ource8 are 
eliminated, and when canpartmentation end oonfiguration are more 
conducive to @eater fire eafety, the problem of detection will be 
8igUifiOantlyredLlWd. 

Summary Statement Regarding Combuetible 

Liquid8 and Airoraft Fire Problem 

At first glance many of the point8 diecussed in the foregoing 
8eOtiOn8 appear t0 be oontradiotary. Actually the8e ocntradiotiau8 
may be attributed to the conditions U8ed by the various inveetiga- 
tore. In rnoet ca888, however, theee differences in oonditiom have 
no serious effecst on the conolu8lan8 that may be drawn, but the 
application of a partioular conolueion to the airuraft fire problem 
must be ooneidered f'rcxu two pO88ibl8 viewpoints: fire in flight 
and fire after craeh. The following conclusi~8 indicated by the 
data are 80 given: 

Fire in f1Qh-t. - 

1. Cmbuetible mixture8 will probably exiet more frequently 
in aircraft lank8 omtaining low-volatility fuel then in tank8 
omtaining conventional gasoline. It 18 empha8120d, however, that 
even with gaeollne the fuel-air mixture in a tank is not always 
nonoombustible. 

2. In stagnant-air epaces (unoonfined) in which fuel may be 
pV38eZl.t and eXpO8ed to i@itiC%L BOUTCe8, low-volatility fUe1 i8 
more diffioult to ignite and will propagate flame leas rapidly than 
gasoline. 
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3. In 811 airblaet, fire8 resulting from low-volatility fuel8 
are a8 difficult to extinguish 88 fire8 from gasoline. 

4. &'l 8tamt-ELir 8pCe8, fire8 ZY38Ulting fradn 10x-Wkbtility 
fuel8 exe easier to extinguieh than fire8 from gaeoline. 

Fireafter crash.- 

1. When mnventional gasoline ie spilled, a8 in th8 caee of an 
airplane crash or of gasoline lealmge fr<mn lines into uncmfined 
area8 of an airplane etructure, it i8 ahOst OertEaia that Canbustible 
fuel-air mixtures will be present and will ignite if expoeed to a 
8Uitable BOUTCB Of ignition. 

2. Low-volatility fuel WiU not iepite a8 readily a8 gasoline, 
if spilled during crash and expoeed to a Suitable ignition 8ource, 
unle88 cond2tions axe mch that all or part of the low-Volatility 
fuel is above the f--point temperature (about lOso F). 

3. At Eea-level ccmdiiana and wind VdOCitieS lee8 than 5 mi108 
per hour, low-volatilfty fuel fire8 epread at a cnasiderably lower 
rate than gasoline, with or again& the wind. 

4. If splashed on hot surfaces, oil will ignite at eurface tem- 
peratUre8 1owW than thO8e for LOW-VOtitility fuel and ga8Oline. 
Low-volatility fuel and gaeoltie are about equal in thie reepect. 

5. Limited teat8 indioate that gasoline and a gasoline-SolPent 
blend splashed in the open have an iacZ%a8ed tendemy to i&t& in 
rain. The i@tion t8IldmCy i8 deweased if fuel 18 8plaEhed op 
83loWOrSand. No effect wa8 noticed on water or a wet ~LE&LC~. 

6. In et111 air, a low-volatility fuel fire is m.ore eaerily 
extinguished thana gasoline fire. 

The data aleo Indicate tlat a lee8 inflamnable or noninflammable 
lubricating oil is deeirable and the attainment of euch an oil 18 
pO88ible in light Of recent develomIent8 in hydraulic fluid8 
di8CU88ed in the SuOCeedlng 8eCtiCG 

The adaptatim of leS8-iIIf~ble or nminflemnable liquids 
to u8e in aircraft will probably require considerable development 
work; however, no insumountable obetaclee are foreseen. Con- 
siderable data on the Writ8 of low-volatility fuel.8 in regard to 
antiknock behavior have been published. Data 04 the p88ibilitie8 
of fuel-inje&iOIl 8y8teBl8 8-0 eXi8t and 8uCh 8y8te3W have been 

. 
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operated euooessfully. Moreover, the we of fuel injection eliminate8 
the carburetor eystem now utilized in aircraft and thereby eliminate8 
another potential fire ha&. 

CHARAC!CERISTICS OF POSSIBLE IGNITION SOTJRCES 

ti8OfaZ' a8 fire haZ8Yd8 are concerned, ignition 8OuTCe8 are Of 
equal import8noe with the characteristic8 of combuetible liquide. 
MO8t ignition 80~~088 can be Cla88ified in general a8 hot 8urface8, 
electric spark8 and &rc8, flame, or hot gasee. A few mi8cellaneou8 
8ourae8 do not fit rigOrOU8ly into one of these four groupe, and 
CWtE&iR airCraft C=paent8 Or 8y8tem8 such a8 the 8xhaU8t 8y8tem 
may provide igniticn 8OuTCe8 in two or three of the8e gXTOUp8. Sane 
of the 8ource8 are always preeent; other8 require rupturing of a 
wire, malfunctioning of equipment, or other accidental event to 
beocane active. The following survey of ignition 8OWOe8 18 incomplete, 
but 8erve8 a8 a baeie for determining where attention might be directed 
in any attempt to substantially reduce fire ha-e. 

Hot Surface8 

A large number of probable hot-aurfaoe ignition 8ource8 exist 
on the typical pZWee&-day ai.TOraft; e&aU8t ducts, ocanbuetinn heatere, 
short-circuited wiring, and friction-heated parts are typical examples. 
In ooneidering when a hot lsurface ie an ignition 8ourc8, It 18 noted 
frr3n the preoeding secticn that surfaoe8 having temperature8 a8 low 
a8 about 455' F have ignited 8-t combu8tible mitiuree of air 
and gaeoline or oil vapore, but epontaneoue-ignition temperature8 are 
markedly affeoted by 8uoh local factor8 a8 the nature and condition 
of the hot 8urfaoe, the composition of the combustible mixture, and 
the time of content. 

. 

BeCaU8e an almoet infinite number of oOmbination8 of local factor8 
can be encountered in the design of an aircraft or in the event of a 
craeh, 8 coneideration of hot eurfacee a8 ignition 8o~rrce8 should be 
ba8ed on the loweet i&tion temper&W88 known for the CmbU8tible8 
carried in the aircraft. 

Exhaust eystem. - Four part8 of the exhmst syetem may be con- 
sidered 88 hot-8Urfaoe ignition 8OuTCe8: the e&aurst ducting, the 
exhauet valve, the pieton head, and the oylinder head, both interior 
and exterior. 

The temperature8 of the exhaust duct and the e-et valve exe 
well in exce88 of the minimum i&tion temperature8 of gasoline-air 
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m-urea, a8 shown by the exhaust-duct temperature8 of 675O to lOZOo F 
cited in reference 37 or ll.50' F cited in reference 26 and exhauet- 
valve temperature8 of 1140' to 1300° F in reference 38. Piston-head 
temperature8 will normally run below minimljm ignition temperatures, 
but may reach ignition temperature8 when the engine 18 operated at 
take-off or emergency power. Reference 39 indicate8 that piston-head 
temperature8 may normally operate between 325O to 465O F. It 18 
improbable that the exterior 8urface8 of cylinder head8 would act a8 
i@ition 8ouroe8 beCaU88 they normally operate below 400' F, with 
maximum cylinder-head temperature8 usually limited to 450° or 500O F. 

The high temperature and the exposed location of the exhaust 
ducting mark8 it 88 one of the meet likely ignition 8ource8 a the 
aircraft, and past experience SharS th8t many aircraft fire8 have been 
started by the e&au& duoting. NtmIerOU8 exemp188 of fire8 Cau88d by 
the presence or the failure of the exhauet ducting are lmown and in 
reference 26 it wae conoluded after a long eerie8 of telsta that "the 
most dangerous 8ource of oil ignition in an aircraft power-plant 
in8tallatim 58 811 exhaust 8y8t8m employing shrOUda, muff8, and baffle8 
for collecting heated carburetor air." Such baffle8 enclose a rel- 
atively 8ta@8nt body of air and result in ignitim when well venti- 
lated surfaces do not. 

The role of the exhaust valve and combustion &ember a8 an igni- 
tion 8ouTCe 18 not 80 obtiou8, except that exhaust valvee aI'8 8Uffi- 
ciently hot to be olaeslfied a8 potential ignition 8ource8. An engine 
that is foroibly 8tOpped, a8 In a oraeh, may have been funotioning 
nomlly up to the instant it is stopped. Such an engine will have 
at least one cylinder fieehly charged with fuel and the intake valve 
8tiu Open. With both the entire oanbustion chamber and the exhaust 
valve at sigh temperature, the Fre8h Charge IS 8lmo8t 8ure to iepit& 
and the flame could spread back through the entire induction syetem. 
This flame mFq then 88t fire to fuel released by the Cra8h. A Bench 
writer (refeI%Xe 40) point8 Out that sudden Uhange8 in Bpeed, such 
a8 might take place when a prOp8118r Strike8 the ground in a crash, 
are acccqanied by bacHire that are a fire hazard. The occurrence 
of 8UChbacltfire8ItIaybe expl8iMdbythe aforeaaen timed prOCe88. 

0ombuetio-n heaters. - @soline oombustian heater8 provide heated 
8UYfaC88 Very 8iDliti t0 exhau8t ducts, The walle of CCmbU8tion 
heater8 are generally of a fairly light gage metal, eseily broken in 
an accident. A heater may be adequately lagged for no-1 operation, 
but destruction of the outside lagging or of the unit itself in an 
accident may expose surfaces hot enough to act a8 iepition 8ource8. 
It should also be pointed out that, in preeent aircraft, gasoline 18 
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piped throughout the aircraft to supply the CCU.UbU8tiOn heaters. The 
status of the oombustion heater a8 ooncerned with fire, however, ha8 
not been completely etudied. 

Electrical equipment. - Electrical equipment such a8 motor8 and 
generators, 8hOrGCiroUited wire8, or 1008e oonnections may al80 
provide hot-surface ignition 8ource8. 

Modern aircraft make u8e of many eleotric motor8 for operating 
auxiliary equipment of which fuel pumpe, cowl-flap actuators, air 
daUQgr8, blOwer8, landing-gear retraotIng mechani8m8 and Starting 
motor8 are representative examples. Not all Of these motor8 are 
explosion proof, nor is there any requirement that the88 motor8 not 
act a8 either arc or hot-surface ignition 8ource8. Data in refer- 
enoe 41, when extrapolated, show that if the rotor of a small air- 
craft motor 18 locked it can reach tempemtures a8 high a8 450' F in 
lea8 than a minute with an impre88ed pOteIltia1 Of 22.5 vOlt8. 

The general rule8 for operating engine etarting motor8 specify 
alternate operating 8nd cooling cyole8 of l-minute duration. 
Literature 8urveyed to date doe8 not show whether 8UCh operation 
will keep the maximum temperature below the spontaneoue-ignition 
tenQeratU3?8 Of fU81 Or Oil, and the 8tal?ting-mOt~ 8p8CifiCatiOIl8 
reviewed do not definitely etate that they are explosion proof. 

Large aircr&f't generators are normally cooled by blaet tUbe8, 
which take ram air from well forward in the cowling. Reference 42 
shows that at about 110 percent of rating the hot-spot temperature 
of a generator wa8 446O F and point8 out that ccamnutators must be 
deeigned to withetand temperature8 up to 482' F (250° C). Commercial 
generator8 are usually protected from extreme overload8 by current- 
limiting regulator8 8nd should therefore not overheat. Thus a 
generator would not normally be an ignition 8ource in flight; however, 
during crash COnditiOn8, if the generator ha8 been under heavy load 
or ha8 been malfunctioning and the engine is suddenly stopped, the 
generator could conceivably act a8 a hot-surface ignition 8ource. 

The Bureau of Mine8 ha8 ShaJn that a light bulb filament greater 
than 0.0068 inch in diameter heated to over 3000° F will consistently 
ignite natural gae-air mixture8 (reference 43). In another series 
of te8ts (reference 21), nickel wlree 0.040 inch in diameter ig8Ited 
methane-air mixtures at temperature8 a8 low a8 1470° F, which is 
below the melting point of copper. Beoauee gasoline-air mixture8 
have lower ignition temperature8 than natural gas or methane-air 
mixturea, there 18 the pO8Sibility that a bare 8hOY%-OirCUited tire 
will ignite a ccmbuetible mixture. The Influence of fire-reel&ant 
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or charred ineulation on the tendency of the wire to act a8 an igniter 
is not definitely lmown. 

Normally, the electrioal 8ystEsn can b8 protected by circuit 
breaker8 Or fU8e8. III a Craeh, however, it i8 pO88ible that suoh 
equipment may no longer protect the sy8tem. These protective unit8 
may also be d8liberat8ly or accidentally bypaesed by operating 
personnel. The wiring 8y8tf%l in many airplane8 ale0 include8 an 
Unprotected ocnductor between the battery snd the breaker box and 
another such conductor between the pilot compartment and the contactor 
that dieconnects the battery from the breaker box. 

Friction-heated 8UX"feL~8 and hot partiC108. - Hot surfaces and 
hot particle8 (sparks) may be produced by friction and mechanical 
interference in a malfunctioning engine & by an airplane sliding 
along the ground. Surfaces heated by frictim will have essentially 
the 88me general ignition characteristlce a8 surfaces heated by 
other Dle8t18 and need no further di8CU88ion. When both the aircraft 
structure and the ground are Considered, many material8 may strike 
and produce a Spark. 

It i8 apparent fZJ?Cm the work Of different inV88tigatOr8 that ' 
hot partioles may or may not be ignition 8ource8, depending upon 
their temperature and 8128 and the relative velocity between the 
CambU8tible mixture and the particles. The British reported in ref- 
erence 19 that they were unable to ignite a gasoline-air mixture 
with ateel-to-e&e1 eparke produced by a rotating, 2-inch-diameter, 
serrated, hardened steel wheel in contact with a hardened, Chisel- 
pointed rod. Heating a rod to a dull red heat and grinding spark8 
f&m it with the 8ame 8eZTatX3d Wheel lik8ti8e failed to ignite the 
mixture, nor did steel-emery-wheel sparks provide ignition. These 
teat8 W8TB considered inCOnClU8ive, however, because it was not 
definitely establi8hed that the most ea8ily ignited mixture had 
been USed. %hite and *ice (reference 44) state that eteel-to- 
steel, emery-to-steel, and pyritee-to-steel spark8 would not imite 
combustible ether-alcohol-air and acetone-air mixtures, but that 
ferro-cerium to eteel eparke readily i&ted mo8t mixtures. It 18 
possible, however, that the 8mkS etudied ti th88e two series of 
tests were not large enough or of high enough temperature to 8erve 
a8 i&litiOll 80UTC88. 

Silver, Pattersan, and other8 have etudled the IgcIition of 
inflmble @;sSeS by hot moving pKt?tiCle8 Of larger 8iZe. Silver 
(reference 22), in a etudy u8i.q both platinum and quartz spheres 
of diameter8 fromr 0.043 to 0.216 inch, and combustible pentane, 
hydrogen, and coal gas mixtures, found that in every ca8e the 
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minimum ignition temperature varied greatly with the size af the 
SpheB3, diminiehing with increaee in sphere diameter, although lese 
rapidly a8 the eize iIXXY3a8ed. Ignition temperatures ranged from 
200° to 650° F above the ignitim temperature of the mixture a8 
determined by other mean8. In another eerie8 of teets (referenoe 23), 
Patterson found there wa8 a minimum i@pition temperature for a given 
eize of Sphere below which no ignition was obtaIned. This temperature 
appeared independent of the riohneee of the mixture, of the "age" of 
the ephere, and Of it8 material, 80 far a8 thie ~'a8 varied (quartz 
and platinum). The ignition temperature was well above thoee 
indtcated by the more usual source8 of ignition. It wa8 alao found 
that the ignition temperature increaeed with increaeed relative 
velocity between the mixture end the Sphere and that this relatim 
wae roughly linear. 

No data have been found that give the relaticms among partiule 
else, particle temperature, relative velooity, and fuel-air ratio 
for the variou8 aircraft material8 and oombU8tible8, nor are the 
particle sizes involved in engine deetruction and accident abrasion 
known. It 18 therefore imposeible at thie time to evaluate CCmpletely 
the importanoe of hot particl88 a8 ignition source8 for aircraft fires. 
III the Britieb spark te8t8, the hot psrtioles were not of the eize or 
the temperature to cause ignition. Other studies have ehoun, however, 
that hot spark8 under appropriate condition8 will be ignition source8. 

The rupture of metallic pert8 is known to produce heat and al80 
etatio electricity (reference 45). The British Air Ministry ran 
tests, in whioh piano eteel tires 0.015 and 0.030 inch in diameter 
suddenly broke in a mixture of gasoline and air, to determIne whether 
8Uoh rupture would cau8e ignition. No ignition was obtained. They 
also point out that "a rise in temperature takes plaoe during the 
elongation before fracture of a tensile teet piece depending on the 
material and the speed of applicatiadl of the load, but in an extreme 
aa88 eeldan exoeeds 100' C." It is therefore coneidered that simple 
rupture of struotural or mechanical member8 18 not an important 
i@lition 8OurCB. 

Electric Spark8 and Arc8 

The three general primary 8ouroe8 of electrical energy In an 
aircraft are engine-driven and auxiliary-power-plant driven generators, 
the ignition syetem, and etatic eleotricity generated in several ways. 
Several secondary 8ource8 also exi8t, which contain etored energy 
that can reappear as electrical energy, namely: the battery, the 
radio, radar, wiring and electrical cmponents that contain FndUCtiVe 
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energy, and movdng part8 euch a8 motor a1311atup88, which Contain 
kinetic energy. These 8ourcesmaybe Importantignitionhazarde 
during accidents. 

The quantity of energy required to ignite a cabu8tible mixture 
by electric spark at 8tmO8ph8riC pr888UIT8 i8 small. 

tieat (reference 461, in COn8id8ring 8X9l0810n~ in hospital 
operating rocXn8, munitions work8, rubber and pla8tiC8 manuPaCtUring 
plants, and many induetries where flammable vapors and dust8 are 
present, ObSerVed from the work of other inve8tigator8 that for 
certain gas mixtures an energy of 0.002 joule is required in a 8-k 
to cau8e iguition. Reference 47 8how8 that magnesium power requires 
an O.ll-joule Spark if ignition ie to be certiin, although ignition 
18 frequent with aparke of muoh lower energy content and igniticxn 
wa6 occa8ionally obtained with Sparks of about 0.03 joule. 

Lewis and van Robe (reference 48) have 8hown that 0.0005 joule 
IS the minimum epark energy required t0 isite a 8tOiChiCmetriC 
miXture of natural ga8 and air at 1 atiO8pheIW with electrode ' 
epacinge of at leaet 0.1 inoh. 

The present 280volt aircreft 8y8tein it3 capable Of pr&UCing 
Spark8 or arc8 containing energy far in exce88 of the mtiimutn 
required to isite gasolFPe-air mixture8. h?Cing occur8 acro88 the 
brushes of rotating electric-current equi~nt, both motor8 and 
generators, and could ignite a ccmbu8tible mI&ure if it reached 
the arc. 

The present radio shielding of the engine ignition system 
preclude8 much possibility Of it8 acting as an ignition 8OuTc8 
during normal operation or after the engines have stopped. 

The danger8 of 8iZ&ItiC-electricity diecharge during ground 
operations are well known and have been df8CUt38ed in the literature 
(for 8Xamp1e, reference 491, but the danger8 of such di8Charge8 
durdng flight or an accident m not frequently con8idered. 

Reference8 50 and 51, whioh are reports on radio-interference 
research conducted by the Army and Navy, &ate that an aircraft can 
be charged by cc&act with airborne particle8 8UCh a8 8now, ice 
CryStalS, hail, rati, olouda, 8mok8, and dust. Indivldualparte of 
the airplane may also become charged with respect to one another by 
induction as the aircraft fliee near cloud8 (reference 51). Addi- 
tional ways in which the aircraft in part or a8 a whole may become 
charged are described in reference 45. The rate of rise of potential 
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may be in the order of 203,000 volt8 or more per eecond when the air- 
craft fir8t encounter8 preCipitatiOn 8tatic (reference 52) and 
potential8 of 500,000 volts have been recorded. It ha8 al80 been 8hoWn 
8hoWn that the CapaCit433ICe Of a plane 18 apprOXimately 20 percent Of 
it8 wing epan in centFmeter8 (reference 50). A eimple oalculation 
then indicate8 that the 8tatic charge on a representative camnercial 
aircraft could supply thoueands of time8 the minimum energy required 
for ignition; however, the hazard exiete only when spark diecharge 
OCCUTB. Thi8 discharge can take place when the plane tOUChe8 the 
ground or when a sudden shift of induced potential from one part of 
the aircraft to another ocour8, a8 might happen when lightning dis- 
ChWg88 a cloud adjacent to the aircraft. 

The Bureau of Mine8 has measured the electrical oapacity of a 
human being (reference 47), and, aesuming that the person were charged 
to only 10,000 volts, have oalculated an eleotrical energy oontent 
of at least 0.015 joule, which could be given up in a spark discharge. 
laaamuch a8 this quantity of energy is several taTme that required 
for ignition, passenger8 in8Ulated from the structure by fabric matting 
and upholetering may also be COn8ider8d a8 potential ignition 8ource8. 

Static electricity 18 generated by the flow of fluid8 from 
tube8 and oan reach dangerOU8 electrical potentials, a8 pointed out 
in reference 45. Potential8 of 3000 or 4000 volt8 are easily obtained 
when petrOleM product8 flow in tubes. Phi8 phenomenon can be a fire 
hazard when fuel tank8 are be- filled, if the aircraft is not 
grounded, or when fuel 18 being dumped in flight. 

The chemical energy stored in the battery, the inductive energy 
stored in the electric circuit8 of radio and radar, the inductive 
energy stored in repreeentative electric circuits under load, and 
the inductive plus kinetic energy stored in equipment like eleotric 
motor8 can easily provide a spark of inteneity greater than the 
minimum required for ignition. Recognizing this potential hazard 
in the event of a crash, the Britieh have deVi88d a switch that 
removes the battery from the circuits upon impact (reference 4). 
The ignition potential of airborne radio and radar equipment ha8 
been studied by the Underwriter8 Laboratory for the Air FOI?Ce8 and 
is abstracted in reference 53. 

Although reference 4 etatee that in reWnt year8 el8CtriCal 
fire8 have been rare, the National Fire Protective Association (ref- 
erence 3) cite8 that out of five fire8 in flight on commercial air 
carrier8 reported between July and November 1946, one wa8 caused by 
electrical trouble and one by lightning (uncertain). 
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Flame and Hot Ga8e8 

Flames are without qU88tiOI.I ignition 80UTCe8. ~erimental 
evidence indicate8 that hot gas at the eXbaU8t-8taCk Outlet will 
iguite gasoline fumes; therefore exhaust gas at normal operating 
temperature8 (from 1300° to 1700' F) (references 37, 54, and 55) 
must be COn8idered an ignition 8ource. 

-in8 exhaust system8 and Combu8tiOn-type heaters are the meet 
obvious 8ourc88 of flame and hot ga888, but baCkfir88 caused by 
eXC888iVely 18aIIa Out the fuel mixlJIX%, abrupt power Changea, and 
the malfunctioning of the valve system must al80 be coneidered. 
Induction and exhaust systems are crmeidered by the British of suf- 
fioient importance that in combating nacelle fire8 they inject part 
of the fire-extinguiehing medium into the induction eyetem to help 
stop the engine and to inert realdual unburned fuel (reference 4). 

Mi8CellaneOU8 Ignition 60urc88 

Several pO88ible ignition source8 cannot be classified ln any 
of the foregoing categoriee; for example, compression of trapped 
ga888, friction heating of deflated tiree, Impact firing of fuel 
tanks, and oXygen-system explosions. Undoubtedly others exist. 
A recently concluded study of vacuum-sy8tem fire8 by the Civil 
Aeronautic8 Administration (reference 56) describe8 fire8 started 
in the vacuum-pressure pump system8 by the ccmpr888ion and repeated 
working of trapped air. Inadvertently dropFed jettiaonable fuel 
tank8 have ignited upm impact. 

D-ION 

Based on the review in the preceding sections of this report 
of the pertinent available data on the characteristics of the fuel, 
lubricant,and hydraulic fluid, and on ignition 8ource8, considera- 
tion may now be given to extension8 of the data that are required 
to provide a more Complete LInd8r8Mding of method8 for 8Ub8taP 
tially reducing the fire hazard in airplanee. 

From the exieting information on the ignition and combustion 
of afrcraf't fuefe, it might be concluded that major reduction8 in 
the aircraft fire hazard could be achieved by the ~188 of a low- 
volatility fuel. The data show, for eXample, that the flash point 
of low-volatility fuel 18 considerably higher than gasoline and that 
the spread of fl&Il8 aCTO88 a fuel surface is only about One-twentieth 
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as rapid for a low-volatility fuel a8 for gasoline. Because of these 
characteristics, the use of low-volatility fuel should reduce both 
the possibility of fire and the tendency for the rapid and disasterous 
spread of fire that occum followin& a crash or a major engine failure 
in flight. The likelihood of pot8ntial explosive mixtures in aircraft 
tanks when low-volatility fuel.9 ar8 carried could possibly be over- 
come by inerting or purging with a gas lfke helium or nftrogen or 
with treated exhaust gas. Inerting appears to be a desirable feature, 
whether the fuel carried is a low-volatility type or a gasoline type, 
although further data are needed to evaluate inerting systems 
accurately. 

Although both small-scale and large-scale laboratory tests are 
quite convincing in demonstrating the retarded ignition, slower r&e 
of burning, and generally less explosive character of low-volatility 
fuel, a question remains as to whether or not a reduction III fire 
hazard would actually result from the use in aircraft of low- 
volatility fuel. It seams very doubtful if further bench or model 
tests of the sort that have been performed will answer this question 
any more completely tI2n existing data. Consequently, crash tests 
to establish whether or not signlfioant eafety benefits ara derived 
from low-volatility fuel appear to be required for final, convincing 
evidence. In these tests, multiengine, war-surplus transport air- 
craft could be crashed, with engines running, from flight or fram a 
ramp or cliff under circwnstmces closely sitnulatlng accident con- 
ditions. Alternately, the aircraft would contain first conventicmal 
aviation gasoline and then the low-volatility fuel. in lnerted tanks. 
A eufficient number of airplanes could be crashed in order to 
determine by visual observations and recorded data whether or not 
signifioant differences in the frequenoy of fir8 and in the rate of 
epread of fire are experienced with the two types of fuel. The 
dffficulty and expense of the crash tests is recognized, but no 
other ttrchnique appears to 8erve the same purpose. 

The practical usefulnese of low-volatility fuel a8 a means of 
reducing the fire hazard depends not only upon whether or not it 
results in a significant reduction in the tendency of fire to start 
and to spread, but upon the service characteristics of engines that 
are operated on such fuels. Reduction in fir8 hazard by use of low- 
volatility fuel must be accompanied by engine reliability at least 
as good as that now achieved with conventional aviation gasoline. 
Existing data of the petroleum and engine Industries need to be 
extended to provide oonclusive Information on the serviceability of 
engines operating on low-volatility fuel. This information may be 
obtained in test-stand investigations and in cargo airline operations. 
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The lubricating oil may ignite first !n many fires and con- 
stitute the source of ignition for the large bulks of fuel. A signi- 
ficant reduction in the fire hazard may result from the use of non- 
inflazmnable lubricants and the continued study of the aircraft fire 
problem may emphasize the advantage8 of the use of such 8 material. 
University and commercial laboratories, particularly in the petroleum 
industry, have started the development of acme of th8 pOSsibl8 non- 
inflaILK@bl8 lubricants. This phase of the research requires further 
fundamental Fnvestigation, which should inClUd8 the synthesis of 
n%w compounds and experimental evaluation of the characteristics of 
lubricants in afrplsne engines. 

Although the search for noninftibl8 hydraulic fluids has 
been in progress for many year8 and Certain flu$ds 1888 flmable 
than conventional fluids have been developed, this branch of the 
research cannot be considered closed. Materials considered to date 
either ar% not entirely suitable or have not had sufficent develbp- 
Dent effort put on them to demonstrate completely their practicability. 
Research should be continued until 8 serviceable and practical 
material is evolved and used. 

As part of a consider8tion of method8 of reducing fire hazards 
by using less flammable liquids, 8 discussion of the status of fire 
extinguishing 18 8p&Z'Oprf&t8. The investigations by the Civil 
Aeronautics Administr&tiOn, the BUre8U of Aeronautics, the U. S. Air 
Forces, end private research laboratories have already mad% 3mporta.M 
contributions to the knowledge on thle subject. An all81ySiS of the 
results indicates that 8 better underetanding of the basio chemistry 
of fire-extinguishing agents is still needed. Research on the 
influence of aqueous solutiona of certain salts in small concentra- 
tions on the cc&u&Ion process has indicated that the fir%- 
extinguishing action w&s not wholly one of cooling or oxygen 
dilution, but is explained on the basis of the salt influencing 
the CabU8tion proceaa. The Un8Xpl8ined difference between the 
effectiveness of various extinguishing ag%nts indicates that further 
information is neceesmy in order to 8stablish the influence of 

. various substances on the chain reactions that occur during canibus- 
tion. Fundamental investigations are necessary to determine the 
physical and chemfcal properties of fire-8Xtinguishing agent8 
required to prCVid8 maximum cooling and blanketing action. RaEL1181 
development of techniques for reliable and immediate detection of 
fir8 or CC&ustibl8 mixtures 18 ah0 necessary. 

Thus far the discussion has been concerned with the char&cter- 
istics of flammable liquids 88 they relate to the fire problem. 
Also vital to the solution of the fire problmn is an understanding 
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of the ignition sources. An ~3238lySiS Of existing litSr8tUrW ahows 
that the emuat eyst%m of the airplan% may be the single most 
dangerous ignition souFC8, particularly in a crash or following a 
major engine failure, at which times combustible vapor and liquids 
are freely %XpO88d to the hot surfaces. Although some information 
is av8ilabl8 in the literature, further investigations of techniques 
for cooling of the exhaust-disposal system are neceseary. Further 
data relating the ignitibility of gasoline or oil to the temperature 
of hot exhaust pipes as 8 function of the air flow over the pipe 
are necsss8ry before %Xh8USt system8 may be adequately designed. 

It mUSt be admitted, hoWeVer, that Other ignition sourcss, such 
Se residu81 flame in cylinders, other hot engine parts, and 
el8ctric8l-system failures may have started 8ome of the fires that 
h8Ve been 8ttribUted t0 the eXh8U8t System. It iS impOrtSnt th8t 
the tiOWl8dge on these sourcss of ignition be extended so that 
necessary r8medi8l me8sures may be established. 

The origin and propagation of fires resulting from mal- 
functioning or major failures of 8ngin%s or accessoriee is being 
investigated by the Civil Asron8utios Administr8tion. This rese8rch 
has already provided much information on the ignition sources and 
the n8ture of the spread of fires in the airplane, particularly 8s 
the hazard manifests itself in flight. Addition81 detailed inform8- 
tion on the ignition ChSI?&CteriStiCs of the airplane's i.nflSmm&bles 
in conjunction with the airplane's ignition sourc8s is needed. 
Some of these d&tZ& may be obtained in a laboratory simulation of 
the airplane enviroauaent. It is recognized that some ph8ees of 
this work are already under way in the Civil Aeronautics Administr&tion. 

Further n8cessary information on the Origin 8nd propagation of 
fires occurring in &CCid%nt&l airplane crashes could be obtained 
from intentional airplane Cr88heS. The same sequence of craeh 
tests as those used to prove or to disprove the safety features 
of low-volatility fuel and other remedial measure8 ehould suffice 
for this purpose. In these crashes, visual and photographic 
ObS8rV8tionS should be made and data recorded on temperature 
hisfories in the critical zones of the aircraft. Detailed observa- 
tions on 8 series of Cr8sheS should adv8noe the bowledge on ignition 
and propagation of fires. 

Fuel tanks th8t r%dUC8 the eplash and spread of fuel in a craeh 
offer an alternate or complementary solution to the problem of 
reducing the probability of ignition 8nd the rate of spread of fire. 
The Civil A8ronautics Administration is working on the development 
Of fuel tank8 that h8ve an inCr8888d crash EE3i&EanCe. Creative 
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effort should be continued toward the discovery of fuel tank conflg- 
orations 8nd method8 of construction by which the fuel can be ccn- 
tE&Wd after 8 crash. 

The foregoIng discussion is concerned with two major fundamental 
variables in the fire problem, combustibles and ignition soUrcea, in 
the belief that a significant reduction Fn aircraft fire hazard is 
to be obtained by dealing appropriately with them. In conclusion, 
mention must b% made of other 8nd certainly important ccnsider8tions 
in the over-all problem of fire S8fety, euoh 8s general airplane 
l&yOUt, aircr8ft design detail, and seI?ViC%, m8int8nanC8, and 
operational pr8CtiC88. 

Layout of the airplane to provide maximum dislxnce between the 
fuel and the engine, which is b8li8Ved to be the principal i&tion 
aollrcs J may lower the incidence of fires. The mowting of fuel 
tanks 8t the tips of the wings is 821 example of 8 possible layout. 
RefInemsnt of detail airpl8ne design with particul8r 8mph8sis on 
fire hazard should lead to 8 s8fer airplane. Attention might be 
directed to such things 8s sep8r8ting combustibl%s and ignition 
sources, exhaust system, plumbing, drain8 8nd ventilators, and 
electrical equipment. AppliC8tiOn in design practice should be 
made Of ?DlOIM Safety me&sure8 t0 8n 8V8n grS8t8r SXteIlt th8n is 
being made at present. This, Of COUTSB, 8DplieS equally t0 
service, maintenance, and operational practices. Th8 tackling Of 
many tinor det8il8 till, 88 has frequently been pointed out, aid 
materially in solving the major problem. 

The ultimate reduction of the firs hazard will not result 
from the application of any single improvement, but will came 
from 8n int8g3?8tiOIl into the &b’@%l8 design and flight Oper8tiOn 
of new ideas and methods, many of which remain to be explored& 

Flight Propulsion R888arCh Labor&tory, 
Rational Advisory Cmmittee for Aeronautics, 

Cleveland, Ohio. 



36 

REFERENCES 

NACA m No. EBB18 

1. Anon.: Air Carrier Accidents - Caiendar Year 1946. Accident 
Analysis Div., Safety Bur., CAB, June 19, 1947. 

2. Tryon, George H., III: Fir8 Factors in Aircraft Accidents. 
Air-%& Safety, ~01s. 1 and 2, nos. 2 and 1, Dec. 1946- 
Jan. 1947, pp. 4-11. 

3. hon.: A Statistioal Presentation of the Importance of Fir% in 
Aircraft Accidents. Bull. No. 6, Comm. Aviation and Airport. 
Fir% Protection, N&t. Fire Protection Assoc., Nov. 1946. 

4. Glendinning, W. G., and Drinkwater, J. W.: The Prevention of 
Fir8 in Aircraft. JoUr. Royal Asro. Sot., vol. 51, no. 439, 
July 1947, pp. 616-641; discussion, pp. 641-6SO. 

5. McFarland, Ross A.: Human Factors in Air Transport Design. 
McGraw-Hill Book Co., Inc., 1946, pp. 584-592. 

6. Anon.: Flash and Fire T%sts. The SignifiCaYX8 Of Tests Of 
Petroleum Products. Rep. prepared by A.S.T.M. Comm. D-2 on 
Fuels and Lubricants, 1943, pp. 49-54. 

7. Anon.: Phillips Hydrocarbons. Bull. 129, Chem. Prod. Dept., 
Phillips Petroleum Co., 1946, pp. 98-99. 

8. The Associated Factory Mutual Fir8 fnsu!rance Co.: Prop%rtise 
of FlaImU8bl8 Liquids, Ga885, and Solids. Ind. and Eng. Chem., 
vol. 32, no. 6, June 1940, pp. 880-864. 

9. Ancm.: Handbook of Chemistry and Physics. Charles D. Hodgmsn, 
ed., Ch8m. Rubber Pub. Co. (Cleveland), 28th ed., 1944. 

10. Mack, Edward, Board, C. E., and Barham, H. N.: Calculation of 
Flash Points for Pure Organic Substanc8s. Ind. and Fag. Ch%m., 
vol. 15. no. 9, Sept. 1923, pp. 963-965. 

11. Anon.: CFR Handbook. Coordinating Fuel R%s. Ccoim., Coordinating 
Res. council, Inc., 1944, p. 64. 

I -  

12. Sortman, Charles W., Beatty, Harold A., and Heron. S. D.: 
Spontaneous Ignition of Hydrocarbons. Tnd. and Eng. Chem., 
vol. 33, no. 5, March 1541, pp. 357-360. 



NACA IIM No. E6Bl6 37 

13. Ormandy, W. R., and Craven, E. C.: Further Experiments with the 
Moore Ignition Meter. Jour. Inst. Pet. Tech., vol. 12, no. 59, 
1926, pp. 650-654. 

14. Maason, Henry James, and Hamiltcn, William F.: A Study of Auto- 
Isition Temperatures. Ind. and Eng. Chem., vol. 19, no. 12, 
Dec. 1927, pp. X335-1338. 

1s. ~Masson, Henry James, and Hamilton, William F.: A Study of Auto- 
Ignition Temperatures. II - Pure Compounds. Ind. and %g. 
Chem., vol. 20, no. 8, Aug. 1928, pp. X3-816. 

16. Masaon, Henry James, and Hamilton, William F.: A Study of Auto- 
I#~lT;~eraturea. III - (a) Mixture6 of Pure Substancea, 

pp. 5440549. 
8. hd. and Eng. C&em., vol. 21, no. 6, June 1929, 

17. Edgar, Graham: Igniti=m Temperature8 of Aircraft Combustible 
Liquids. SAE Jour. (Trm.), vol. 45, no. 1, July 1939, p. 294. 

18. Anon.: The Prevention of Fire in Single-wined Aeroplanee. 
R. &. M. No. 795, A.R.C., 1922. 

19. Anon.: The Possible Caueee of Fire in an Aeroplene Craeh and the 
Meana that Can be Taken to Lessen the Fire Rick. R. &. M. 
No. 796, A.R.C., 1922. 

20. Glendinning, W. G.: Poasible Cause of Aircraft Fires on Crash. 
R. h. M. No. 1375, A.R.C., Jan. 1930. 

21. Guest, P. G.: Ignition of Natural Gas-Air Mixtures by Heated 
Surfacea. Tech. Paper 475, Bur. Mines, 1930. 

22. Silver, Robert S.: The Ignition of Gaeeous Mixturea by Hot 
Particles. Phil. ,Mag. and Jour. Sci., ser. 7, supp., vol. 23, 
no. 156, April 1937, p. 641. 

23. Pattereon, Stewart: The Ignition of Inflammable Gases by Hot 
Moving Particles. Phil. ,Mag. and Jour. Sci., ser. 7, vol. 28, 
no. 186, July 1939, pp. l-23: 

24. Xason, Walter, end Wheeler, Richard Vernon: The Ignition of 
Cases. Part II. Ignition by a Heated Surface. ,Mixtures of 
Methane and Air. Jour. ~Chem. Sot., Trane., vol. 121, pt. 2, 
1922, pp. 2079-2091, 



38 NACA RM No. E8B18 

25. Anon.: CRC Handbook. Coordinating Res. Council, Inc., 1946, 
p. 263. 

26. Dallas, A. W., and Hansberry, R. L.: Determination of Means to 
Safeguard Aircraft from Powerplant Fires in Flight. Part I. 
Tech. Development Rep. No. 33, CAA, Sept. 1943. 

27. Sullivan, M. V., Wolfe, J. K., and Zisman, W. A.: Flammability 
of the Higher Boiling LiLquids and Their MiStS. Ind. and Eng. 
Ch8Ul.) vol. 39, no. l2, Dec. 1947, pp. 1607-1614. 

28. Militz, R. O., Spessard, D. R., and Zisman, W. A.: A Summary 
of Progress in Developing Non-Inf'lemmable Hydraulic Fluids 
for Use in Aircraft. Naval Res. Lab. Rep. P-2944, Off. Res. 
and Invention, Navy Dept., Aug. 1946. 

29. Anon.: Determination of Ignition Characteristics of Hydraulic 
Fluida under Simulated Flight and CrashConditions. Tech. 
Development Rep. No. 64 (Advance Copy), CAA, April 1947. 

30. Pigman, George L.: Determination of Means to Safeguard Aircraft 
from Powerplant Fires in Flight. Part II. Tech. Development 
Rep. No. 37, WA, Oct. 1943. 

31. Hansberry, H. L.: Determination of Means to Safeguard Aircraft 
fram Powerplant Fires in Flight. Part III. Tech. Development 
Rep. No. 38, CAA, April 1944. 

32. Hensberry, E. L.: Design Recommendations for Fire Protection 
of Aircraft Powerplant Installations. Tech. Development 
Note No. 31, CAA, Sept. 1943. 

33. Thomas, Charles Allen, and Hochwalt, Carroll A.: Effect of 
Alkali-Metal Compounds on Combustion. Ind. and Eng. Chem., 
vol. 20, no. 6, June 1928, pp. 575-577. 

34. Cameron, A. M.: Chemistry in Relation to Fire Risk and Fire 
Extinction, ch. 10, Isaac Pitman & Sons, Ltd. (2d ed.), 1944. 

35. Anon.: Use of Monochlorbrommethane by the C&man Navy and Air 
Forces aa a Fire Extinguishing Agent. Bull. No. 10, Comm. 
Aviation and Airport Fire Protection, Nat. Fire Protection 
Assoc., n. d. 

36. Jones. G. W., and Scott, G. S.: Extinction of Isobutane Flames 
by Carbon Dioxide and Nitrogen. R.I. 4095, Bur. Mines, June 1947. 



NACA RM No. ESB18 39 

37: Schey, Oscar W., and Young, Alfred W.: A Method for Reducing 
the Temperature of Exhaust Manifolds. NACA TN No. 390, 1931. 

38. Colwell, A. T.: Modern Aircraft Valves. SAE Jour., vol. 46, 
no. 4, April 1940, pp. 147-165. 

39. Manganiello, Eugene J.: Piston Temperatures in an Air-Cooled 
&&ne for Various Operating Conditiona. NACA Rep. No. 698, 
1940. 

40. Brhat,,&%: Combating Airplane Fires. NACA TM No. 550, 1930. 

Inherent Overheating Protection of D-C Air- 
Tech. Paper 44-191, AIDE, July 1944. 

42. Miner, J. D., Jr.: Design Considerations for D-C Aircraft 
Generators. Tech. Paper 44-241, Am, July 1944. 

43. Clark, H. H., and Elsley, L. C.: Ignition of Wine Gasee by 
the Filaments of Incandescent Lamps. Bull. No. 52, Bur. Mines; 
Jan. 1913. 

44. -White, Albert Creville, and Price, Tudor Williams: The Ignition 
cf Ether-Alcohol-Air and Acetone-Air Mixtures in Contact with 
Hot Surfaces. Jour. Chem. Sot., Trans., vol. 115, 1919, 
pp. 1462-1505. 

45. Guest, Paul G.: Static Electricity in Nature and Industry. 
Bull. No. 368, Bur. Mines, 1939. 

46. Guest, P. G.: Apparatus for Determining Minimum Energies for 
Electric Spark Ignition of Flammable Gases and Vapors. R.I. 
No. 3753, Bur. Mines, May 1944. 

47. Brown, F. W., Kusler, D. J., and Gibson, F. D.: Sensitivity 
of Explosives to Initiation by Electrostatic Discharges. R.I. 
No. 3852, Eur. Mines, Jan. 1946. . 

48. Lewis, Bernard, and von Elbe, Guenther: Ignition and Flame 
Stabilization in Gases. Paper no. 47-A-33 presented before 
ASXE Annual Meeting (Atlentiq City), Dec. 1-5, 1947. 

49. Anon.: Electrical Grounding of Airplanes. Industrial Data 
Sheet D-Al. Nat. Safety News, vol. 51, no. 1, Jan. 1945, 
Pp. 31-32. 

50. Gum, ROBS, and Others: Army-Navy Frecipitatlon-Static Project. 
Proc. I.R.E. 



40 NACA P&i no. E8B18 

50(a). Gum, Ross, Hall, Wayne C., end Kinzer, Gilbert D.: Part I - 
The Precipitation-Static Interference Problem and Methods for 
Its Investigation, vol. 34, no. 4, April 1946, pp. 156P-16SP. 

(b). Waddel, Raymond C., Drutowski, Richard C., and Blatt, William N.: 
Part II - Aircraft Instrumentation for Precdpitation-Static 
Research, vol. 34, no. 4, April 1946, pp. 16lP-166P. 

(c). Stimmel, Ronald G., Rogers, &ery H., Waterfall, Franklin E., 
and Gunn, Ross: Part-III - Electrification c&Aircraft Flying 
in Precipitation Areae, vol. 34, no. 4, Aprs&kG, pp. 167P-177P. 

(d). Kinzer, Gilbert D., and McGee, John W.: Fg -r; - Inveetiga- 
3!R tions of Method8 for Reducing Precipitatio c Radio Inter- 

ference, vol.'34, no. 5, May 1946, pp. 234Z4C.. 

(e). Gum, Rosa, and Parker, James P.: Part V - The High-Voltage 
Characteristics of Aircraft in Flight, vol. 34, no. 5, May 1946, 
pp. 241-247. 

(f). New&an, M., and Kemppaien, A. 0.: Part VI - High-Voltage 
Installation of the Precipitation-Static Project, vol. 34, 
no. 5, May 1946, pp. 247-254. 

51. Beach, Robin: Electrostatic Ills and Cures of Aircraft. 
I. Electrification of Airplanes end How it Causea Radio Inter- 
ference. Electrical Eng., vol. 66, no. 4, April 1947, 
pp. 325-334; II. Radio Interference. and Its Control, vol. 66, 
no. 5, May 1947, pp. 453-462. 

S2. Anon.: The Fire Hazards of Static Electricity in Aircraft 
Operations and Servicing. Bull. MO. 14, Comm. AvLation and 
Airport Fire Protection, Nat. Fire Protection Aseoc,, June 1947. 

53. Anon.: The Fire Hazard of Air-Borne Radio (Radar) Equipment. 
Bull. No. 5, Comm. Aviation and Airport Fire Protection, Rat. 
Fire Protection Assoc., Oct. 31, 1946. 

54. Marquardt, R. E.: Tests of an Annular Ejector System for 
Cooling Aircraft Engines. NACA ACR I?o. 3J27, 1943. 

55. Kunger, Maurice, Wileted, H. D., end Mulcahy B. A.: The Effect 
of Valve Cooling Upon Maximum Permissible Engine Output aa 
Limited by Knock. NACA m Ho. 661, 1942. 

56. Gassmann, J. J.: Inveetigation of Firee Originating in Aircraft 
Vacuum System. Tech. Devaloprnent Rep.. No. 67, CAA, June 1947. 



KKA FH No. E8B18 41 

TABLE1 -ACCIDENTS SEXERXEHOUG3TO COMFI.ZTELY 

WASHOUTAIwIANE 

Fire following crash 
Tots1 Fatalities 
aboard I 

Date 

2-4-46 4 4 
3- 3-46 27 27 
4-24-46 3 3 
5-16-46 27 27 
8- 9-46 6 4 
8-25-46 2 2 
9- 5-46 21 20 
9- 7-46 4 4 

lo- 3-46 39 39 
lo- 8-46 47 2 
10-11-46 26 0 
10-I-2-46 8 0 
11-13-46 11 11 
12-24-46 12 12 
12-28-46 2 2 
X2-28-46 23 13 
12-31-46 5 5 

Total ““’ 

No fire foil 
Date Total 

aboar 
1-31-46 21 
5-29-46 4 
7-20-46 4 
7-25-46 5 
7-31-46 5 
8-21-46 25 
9- 9-46 1 

10-17-46 13 
10-19-46 3 
10-21-46 1 
ill- 9-46 18 
11-11-46 20 
U-21-46 2 
12- 4-46 17 
112-14-46 5 
12-17-46 7 
112-24-46 45 
112-28-46 21 
ITotal. 

I 
217 

dng crash 
Fatalities 

21 
0 
0 
0 
0 
2 
0 

13 
3 
1 
0 
2 
0 
0 
0 
7 
0 
2 

51 or 
24 percent 
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TABLE II - ACCIDFJVTSEEVEREENOUG-ETOHAVEAT 

LEAST ONE FATALITY 

I Fire following crash 
Date !Wt?&lFatalitiee 

2- 4-46 4 
3- 3-46 27 
4-24-46 3 
5-16-46 27 
8- 9-46 6 
8-25-46 2 
9- 5-46 21 
9- 7-46 4 

lo- 3-46 39 
lo- 8-46 47 
11-13-46 11 
12-24-46 12 
12-28-46 2 
12-28-46 23 
12-31-46 5 

4 
27 

3 
27 

4 
2 

20 
4 

39 
2 

11 
12 

2 
13 

5 
Total 233 175 or 

75 percent 

No fire following crash 
To-1 
aboard 

12-28-46 21 

Total 
I 

122 

1 
Fatalitiee 

3 
21 

2 
13 

3 
1 
2 
7 
2 

54 or 
$4 percent 

- -yt$t$c&.x' 

c 
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TABIZIII -ACCIClENTS~ENOU~IpOCAUSE:FATALITIES 

I Fire following crash 1 No fire following crash 
Date 

8- 9-46 6 4 
lo- 8-46 47 2 
12-28-46 23 13 

TABLEIV- ACCIDEEPSEAVIKGATIZASTO~FA!EAUTYAKD 

I Fire following crash Bo fire follcrwfng orash 
I- Date ITotal 

Total 
I 

97 

Fatalities] Date (Total~Fatalities 
! aboard 

4 l- 6-46 11 3 
20 8-21-46 25 2 

2 11-11-46 20 2 
13 12-28-46 21 2 
39 or Total 77 

40 percent I I 
9 or 

12 peroent 

43 
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Ire I 1. - Percentage of total air-carrier accidents for 1946 In which fire WBB involved. 

Crashes followed 

. 

. 
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Other 
causes, \ 

/ 

Deaths oaused by fire 
folloxeg cirashes, 
approximately 70 
(28 percent) 

Figure 2. - Compmlson of deaths attributed to fire ~5th total deatha In air-carrier 
accidents for 1946. 
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A.S.T.Y. dimtlllatlon IO-peraent paint, tl0, oP 

. 

Plgul-8 se - Relation between flash point and fuel volatility. 
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Figure 4. - A.S.T.Y. distillation curve for an aviation Mel. 
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Figure 5. - Relation between volatlllty and flash point at varlotu 
altitudes. 
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Flgum 6. - Inflammmbility limits of fuels. (Oalifomla Fkmsamh Clorp. and refermoe 25) 
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-150 -100 -SO 0 50 100 
Flash point, '% 

Figure 7. - Relation between spontaneous ignition temperature and 
flash point for straight-chain hydrocarbons. 
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(a) Data rrom reiermlae 8. 
Figum 8. - Spontamous-ignition tempf~ratums ot lydfooarboarr. 
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(b) Data from referenoe 12. 
FQwm 8. - Continued. Spontansoua-ignition temperaturs8 of hjdroaarbonm. 
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(c) Data Sraaa rafssenae 13. 
Blgurs 0. - Conaludrd. Spontaneous-lgnltfon tmpmrttursr of hydruolrbo~. 
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Fl@rb 9. - TePlpemtumn in almmft fuel tank compared rlth twmture of autalde flpe air during flight. 
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Figure 10. - Effect of fuel vapor pressure on rats of flmw spread in open tranalte trough 
46 lnahas long. (Shell Development Company data) 



Figure 11. - Eifeat of air velocity on xrt.a of fhma rpread in apen trAMits troll@. E'uo~, 1aododeWe; 
he1 tmP.ratw. 69 B; full vapor P?m~mN. 0.D m Hg. (ShellDawlopment Company data) 
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Temperature at surfaoe of staak, %  
Figure 12. - Relation betveen temperature and afrspeed in a Qnaml- 

oally olean exhaust staok well that till prevent ignition of 
f lammable f laids (OAA data). 
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